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Title:  Paleocene–Eocene Thermal Maximum prolonged by fossil carbon oxidation 

 

Supplemental Information 

 

1. Mixing model additional information 

Mass balance mixing models were used to estimate minimum amounts of secondary CO2 release 

during the PETM from fossil carbon sources. All estimates are conservative and represent the 

minimum amount of fossil carbon input. None of the mixing models were dependent on the 

identification of the Upper Cenomanian Raritan Formation. The most thermally mature 

biomarker ratio values possible were used as fossil carbon end members to conduct a 

conservative, source-independent estimate of secondary CO2 release. Biomarker mixing models 

were independent of an identified source, and can be recalculated in other sites using theoretical 

proxy limits (as shown here) or with proxy values of the regional eroded source, if one is 

identified. Total carbon release was calculated using a range of time captured in the SDB record, 

based on sedimentation rate uncertainty, and a range of global Corg delivery rates based on 

modern estimates. The largest uncertainty in fossil CO2 release magnitude is PETM duration. 

This model can be modified and improved with better constraints on the time captured by PETM 

sediments and event duration, organic matter delivery rates to coasts during the PETM, 

constraints on organic matter transport and burial efficiency during the PETM, and additional 

fossil carbon constraints from more shallow coastal sites.  

 

2. Identification of Raritan Formation end member 

The most enriched 13Corg measurements for Camdor and SDB were -21.6‰ and -21.4‰ 

respectively. The average fossil carbon 13Corg estimate of -21.1‰ was calculated via tuning the 

exogenous carbon endmember to 100% using ffossil values from adjacent samples with the 



greatest 13C-enrichment. The Raritan Formation was previously hypothesized as a potential 

source of clastic material in PETM cores from the Mid-Atlantic shelf (Kopp et al., 2009a). After 

the identification of thermal maturity biomarkers in SDB, a series of deposits characterized by 

high thermal maturity were analyzed for 13Corg, source rock properties, and biomarkers. 

Previous studies on the Raritan Formation demonstrated marked 13C enriched bulk organic 

matter, with mean 13Corg values of -22.1‰ and samples as high as ~ -19‰ (Tappert et al., 

2013). No other proximal deposit had similarly high 13C values.  

Samples of the Raritan Formation were obtained from the Big Brook Preserve in 

Marlboro, NJ (40.325116, -74.229546). Raritan Formation samples were analyzed on a 

Weatherford Source Rock Analyzer to obtain measurements of kerogen properties Tmax, 

Hydrogen Index (HI) and Oxygen Index (OI), and biomarker characterization. Kerogen source 

properties were compared to those in Camdor and SDB cores, specifically.  

The Raritan Formation was the only deposit tested that matched source rock properties in 

Camdor and SDB records at depths with the largest fossil carbon contribution (highest ffossil 

values). In SDB and Camdor records, Tmax values were highest coeval with the 13C-enrichment, 

indicating a higher thermal maturity endmember was contributing kerogen to the PETM records. 

Hydrogen Index (HI) values were lower and Tmax and Oxygen Index (OI) values were higher 

during the body of the PETM than at the onset of the PETM, indicating that background (i.e. 

contemporaneous) PETM carbon was mixing with a second carbon source characterized by low 

HI, high Tmax, and high OI values. The higher OI during the PETM body at SDB relative to the 

Raritan formation can be explained by organic matter oxidation (weathering) during 

remobilization and transport, or mixing with oxidized soil organic carbon (Table S1, S2). Due to 

the unusually high 13Corg values, similar source rock and thermal maturity properties, and its 



previous identification as a possible transported end member during the PETM (Kopp et al., 

2009), the Raritan Formation was putatively identified as a mixing end member in mid-Atlantic 

sediments during the PETM. 

3. Determination of Mid Atlantic regional sedimentation rate 

The base of Nannofossil Zone NP9 was not reached during coring of SDB and detailed 

biostratigraphy of the Aquia Formation in CamDor has not been completed, thus sedimentation 

rates for the Aquia Formation were calculated from the nearby Howards Tract core using the first 

occurrence of the calcareous nannofossil marker species Discoaster multiradiatus and the base of 

the CIE.  Due to a lack of biostratigraphic marker species in CamDor and SDB for the early 

Eocene, sedimentation rates for the peak excursion (0-74 kyr; Schneider et al., 2013) were 

calculated in each core using the base of the CIE and the inflection shoulder recorded at the end 

of peak excursion in the 13C curve as tie points. 

4. Standards 

Organic 13C measurements were corrected to 3 certified isotope standards (Table S4) 

with known 13CTOC and %TOC values. Accuracy and precision were calculated from two 

additional standards with known 13CTOC and %TOC values (Table S3), where accuracy was 

calculated as the average of the residual difference between measured and corrected 13CTOC 

values, and precision was calculated as the standard deviation of the residual difference between 

measured and corrected 13CTOC values. Prior to each instrument run, linearity checks and CO2 

pulses were measured using a reference gas until standard deviation was <0.02‰. Within every 

run, 30 decarbonated samples were run alongside 1 blank and 19 standards, at least one set of 

duplicates, and one sample previously run in a separate batch. Samples were only used if the 

amplitude of the mass 44 (12C16O2) was between 3500 and 5500 mV to eliminate the influence of 



carbon concentration on carbon isotope measurements. Standards were run at a wider range of 

concentrations within each run to ensure no concentration-dependence of 13CTOC measurements 

occurred. 

An n-alkane standard containing n-alkanes with chain lengths 11-40 was used for 

identification and quantification of n-alkanes. Hopanoid and sterane lab standards were used for 

identification of specific hopanoids and steranes (AGSO and Gulf of Mexico 2777C oil 

standards).  

 

 

Table S1. Source Rock Analysis data of the Raritan Formation and PETM body. 

 Tmax (°C) HI OI 

Raritan Fmn 423 – 428 14 – 22 48 – 79 

Camdor 415 – 430 14 – 35 70 – 100 

SDB 398 – 431 10 – 98 98 – 149 

 

Table S2. Biomarker thermal maturity values from potential sources of Fossil C (uplands).  

 δ13Corg (‰) C29M / 

(M+H)) 

C31HH-S / C31 

(S+R) 

Marcellus Shale 

(Devonian) -29.2 
0.13 ± 0.02 0.58 ± 0.02 

Raritan Formation 

(Cenomanian) 

-25 to -18 0.22 0.45 

 

 

Table S4. Mean and standard deviation of the fraction of fossil C (ffossil) calculated from each 

proxy during the PETM.   
Tanzania SDB C29 

M/(M+H) 

SDB C31HH 

S/(S+R) 

CD C29 

M/(M+H) 

CD C31HH 

S/(S+R) 

CD C32HH 

S/(S+R) 

Pre PETM 0.28±0.18 0.65 ± 0.13 0.44 ± 0.24 0.49 ± 0.03 0.19 ± 0.02 0.44 ± 0.05 

PETM Onset 0.61± 0.20 0.50 ± 0.07 0.18 ± 0.02 0.45 ± 0.09 0.23 ± 0.05 0.45 ±0.04 

PETM Body 0.84 ± 0.16 0.62 ± 0.10 0.54 ± 0.20 0.56 ± 0.05 0.30 ± 0.10 0.51 ± 0.04 

 

Table S3. EA-IRMS standards 

 Certified δ13CTOC (‰ VPDB) %TOC 

Corn -11.35 39.87 

L- Glutamic Acid (USGS40) -26.39 40.8 

Glycene -33.01 31.76 

Urea -34.13 20 



Peru mud -20.29 6.66 

 

 

 

 

4 larger supplemental data tables attached separately: SDB data, Camdor data, SDB fossil 

calculations, Camdor fossil calculations 

 

 

 

 

 
Figure S1. The 2- methylhopane index from SDB plotted against depth: blue indicate pre-

PETM, red indicates PETM onset, green indicates PETM body and recovery, and yellow 

indicates post-PETM. The 2- methylhopane index values of 0.7 are taken to indicate near-

complete dominance of cyanobacteria. 

 

 



 
Figure S2. The Terrigenous/Aquatic Ratio (TAR) and Average Chain Length of n-alkanes with 

lengths between 20 and 40 carbons (ACL20-40) from SDB plotted on depth: blue indicate pre-

PETM, red indicates PETM onset, green indicates PETM body and recovery, and yellow 

indicates post-PETM. 
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